The dual-probe heat-pulse (DPHP) method is attractive for measuring soil thermal properties and volumetric water content. The purpose of this study was to develop and test a DPHP sensor having rigid probes made from thickwalled stainless steel tubing (2.38-mm outside diameter). The probes of this sensor are much more resistant to deflection than those of conventional DPHP sensors, decreasing measurement error caused by probe deflection during insertion into the soil. Laboratory experiments were conducted across a wide range of saturation levels with glass beads and three soils of different textures. For inferring soil properties from the proposed sensor, we applied the recently developed identical cylindrical perfect conductors (ICPC) model instead of the infinite line source (ILS) model that is typically used. The ICPC model improves solution for heat transport through the probe-soil system by accounting for the heat capacity and radius of the probes. Our results show a root mean square error of 1.4% volumetric water content and elimination of the measurement bias typically encountered with DPHP measurements. We conclude that the improved sensor, in combination with the ICPC model, provides a general, soil-independent water content estimate that is especially suitable for field soil water content monitoring because of its robust design with rigid probes. Because of its simplicity and measurements independent of soil type, we propose the presented DPHP method as an excellent alternative to other available measurement techniques for soil water content.
T he dual-probe heat-pulse (DPHP) method is attractive for in situ measurement of soil thermal properties and volumetric water content because the combined soil properties are determined collectively through simple relationships that typically do not require soil-specific calibration . The method is implemented with a sensor that has two parallel probes: a heater probe and a temperature probe. A short-duration heat pulse is introduced by the heater probe, and the soil's thermal response is measured a known distance away with the temperature probe. The thermal properties (volumetric heat capacity, thermal conductivity, and thermal diffusivity) are determined by fitting a heat transfer model to the temperature response data (Bristow et al., 1994a) . For variably saturated porous media, the volumetric water content can be estimated from the bulk soil volumetric heat capacity using a simple linear fraction mixing model Kluitenberg, 2002) if the soil bulk density and the specific heat of the soil solid constituents are known.
Among the key factors that determine the accuracy of the DPHP method is the capability of the selected soil heat transfer model and associated model parameters to represent the DPHP sensor measurement. The model most commonly used is the infinite line source (ILS) solution of Bristow et al. (1994a) , which as-
∆
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For Proofing Purposes only. Copyrighted by SSSA sumes that heat is conducted from an infinitely long line heat source into a homogeneous, isotropic medium of infinite extent. In practice, however, the sensor's probes are finite in diameter, finite in length, and have thermal properties that differ from those of the soil (Knight et al., 2012) . The probes are typically constructed from stainless steel tubing that houses the active electronic components of the probes: a resistant heater wire for the heater probe and a thermistor or thermocouple for the temperature probe. The inside of the tubing is filled with thermally conductive epoxy that holds these electronic components in place and provides thermal contact with the stainless steel tubing. The probes are held parallel by the sensor body, which also serves to house the electronic connections. Because the sensor body is usually made from plastic resin or cast epoxy, its thermal properties also differ from those of the soil. The original DPHP sensor of Campbell et al. (1991) had stainless steel probes with an inner diameter (id) and an outer diameter (od) of 0.514 and 0.819 mm, respectively (Table 1) . Numerous investigators have used this original sensor design to evaluate the DPHP method for quantifying thermal properties and water content (Bilskie et al., 1998; Bristow, 1998; Bristow et al., , 1994a Bristow et al., , 1994b Welch et al., 1996) . To improve probe rigidity and help maintain a fixed probe spacing when inserting the sensor into soil, Tarara and Ham (1997) designed sensors with probes that were larger in diameter and had greater wall thickness, with id = 0.838 mm and od = 1.27 mm (Table  1) . Sensors with these probe dimensions and with 6-mm probe spacing have been used extensively in both laboratory and field investigations Campbell et al., 2002; Heitman et al., 2003; Ochsner and Baker, 2008; Ochsner et al., 2001 Ochsner et al., , 2003 Ochsner et al., , 2005 Kluitenberg et al., 2010; Song et al., 1998 Song et al., , 1999 Song et al., , 2000 . We refer to sensors with these probe dimensions as the conventional DPHP (C-DPHP) sensor (Table 1) . It is important to recognize the compromise made in the C-DPHP sensor design between probe rigidity and the need to keep the influence of the probes insignificant for the ILS model. In order for the ILS model to adequately represent the soil-sensor system, the probes of the DPHP sensor need to be long and have a small diameter relative to the distance between the probes. Although probe rigidity was improved in the C-DPHP sensor by increasing the thickness of the stainless steel wall, we note that other approaches have been introduced to minimize the effects caused by probe flexibility. These include sensors with shorter probes or a larger probe diameter (Ham and Benson, 2004; Kamai et al., 2008 Kamai et al., , 2010 Mori et al., 2003) and sensors having different probe geometries (Kamai et al., 2009; Olmanson and Ochsner, 2008) .
A typical procedure in the DPHP method is to calibrate for probe spacing, thereby introducing an effective distance between the heat source and the temperature response location in the ILS model, lumping the combined effects of the sensor properties into a single model parameter. However, probe-spacing calibration does not eliminate disparities between the ILS model and the DPHP sensor. The results of Ham and Benson (2004) clearly showed that the effective probe spacing depends on the thermal properties of the calibration medium and various sensor properties.
Although the dimensions of the original DPHP sensor were confirmed to be appropriate for the ILS model by Kluitenberg et al. (1993 Kluitenberg et al. ( , 1995 , their analysis did not account for the thermal properties of the probes. Furthermore, before the work of Knight et al. (2012) , the influence of the dimensions and thermal properties of the probes of the C-DPHP sensor had not been thoroughly analyzed. Data obtained with C-DPHP sensors show consistent disparities between measured and actual thermal properties. Specifically, while the measured volumetric heat capacity and water content are well estimated for saturated soil conditions, they are overestimated for dry soil conditions, with a typical linear estimation response for intermediate water contents Heitman et al., 2003; Ochsner et al., 2003; Ren et al., 2003; Tarara and Ham, 1997) . In some studies, such as that of Basinger et al. (2003) , where considerable attention was given to keeping the probe spacing constant, the DPHP sensor showed similar disparities for a wide range of soil types. Their comparison of DPHP-measured and gravimetrically evaluated volumetric water content showed a linear response with an average offset and slope of 4.1% and 0.92, respectively, for a wide range of soil types and water contents.
Errors in DPHP-measured soil properties certainly can be caused by deflection of the probes during insertion into the soil, even for the more rigid probes of the C-DPHP sensor. However, we attribute the observed bias and offset in volumetric heat capacity and water content mainly to the presence of the probes. Considering that the ILS model does not account for the probes and the sensor body, it cannot fully represent the DPHP sensor because it neglects the contribution of the sensor components to heat transfer in the sensor-soil system (Knight et al., 2012) . Knight et al. (2012) hypothesized that the major contributing properties for these disparities are the finite radius and finite heat capacity of the probes, such that the probes can be simulated as infinitely long rods with infinite thermal conductivity and finite heat capacity. They introduced the semi-analytical identical cylindrical perfect conductors (ICPC) solution, proposing it instead of the ILS model for more adequate representation of the DPHP sensor and the sensor-soil system. The objective of this study was to evaluate rigid DPHP (R-DPHP) sensors in combina- tion with the ICPC model. The R-DPHP sensor has large-diameter, thick-walled stainless steel probes, with id = 0.965 and od = 2.38 mm (Table 1 ). The increase in probe rigidity achieved with this sensor design was quantified by using solutions of the EulerBernoulli equation for beam deflection. The effect of probe length on rigidity was also addressed in this analysis. Two experiments were conducted to evaluate sensor performance. In the first, the optimal probe length was determined by evaluating R-DPHP sensors with different probe lengths. Measurements were also made with C-DPHP sensors, and the results were evaluated using both the ILS and ICPC models to confirm the theoretical findings of Knight et al. (2012) . The second experiment focused exclusively on evaluation of the ICPC model in conjunction with the R-DPHP sensor that was determined to have probes of optimal length. The capability of the proposed R-DPHP method to measure the soil water content was evaluated by conducting measurements in glass beads and in three soils with different textures across a wide range of saturation levels. The advantage of the proposed method was also demonstrated by comparing the R-DPHP results with those obtained with the C-DPHP. This study also clarifies issues known for the DPHP methodology when using the ILS model with the C-DPHP sensor, presenting additional advantages for using the proposed method.
MATerIALS AnD MeTHODS
Sensor Construction and Data Acquisition
Four types of DPHP sensors were constructed, each having different probe dimensions and probe spacings (Table 2) . Three replicates of each type were made, for a total of 12 sensors. While only one type had probes with dimensions similar to those of the C-DPHP sensor, the other three types (R-DPHP-35, R-DPHP-40, and R-DPHP-45) had rigid probes of varying lengths ( Table 2 ). The materials used for sensor construction (Table 3) were similar to those used by Tarara and Ham (1997) . One notable exception is that the probes were filled with silver epoxy (Table 3 ) having a thermal conductivity 2.5 times greater than that of the epoxy they used (Omegabond 101). Cured samples of both epoxies (three replicates each) were submitted to the Thermophysical Properties Research Laboratory (West Lafayette, IN) for thermal conductivity measurement. The mean conductivity was determined to be 1.04 and 0.43 W m −1 K −1 for the silver and Omegabond 101 epoxies, respectively, with <10% variation among replicates. The benefit of using the silver epoxy is that it increases the thermal conductivity of the probes. The construction process was similar for all sensor types, following a procedure like that described by Ham and Benson (2004) . The probes were held parallel by the sensor body (Fig. 1) , which was cast with potting epoxy (Table 3 ) and also served to secure all connections between the probes and electrical cables. All heater probes were constructed with four strands (two loops) of enamel-coated resistance wire (Table 3) . Because of differences in probe length, the total heater element resistance varied among the sensor types. Resistors were added in the circuitry so that all sensor types received approximately the same current.
The data acquisition system consisted of a datalogger (Model CR3000, Campbell Scientific) for measurement and control, a multiplexer (Model AM16/32B, Campbell Scientific) for signal transmission of thermistors, and a relay controller (Model SDM-CD16AC, Campbell Scientific) for distributing the current to the 12 sensors. An individual direct-current regulated power supply (Tenma Model 72-6628, MCM Electronics) was used for driving the heater-circuit current. Additional key Table 2 . Probe dimensions and probe spacing for the conventional dual-probe heat-pulse (C-DPHP) sensor and the rigid DPHP (r-DPHP) sensors used in this study. The length of the probes is given for the part that is outside the sensor body (and perturbs the soil). Probe spacing is the center-to-center distance between the heater and the temperature probe.
Sensor type
Outer diameter Length Spacing Four porous media were used (Table 4) : glass beads, Tottori sand, Columbia sandy loam, and Yolo silt loam. The soil materials were dried, ground, and passed through a 2-mm sieve. Samples of the four porous media were submitted to the Thermophysical Properties Research Laboratory for specific heat determination by differential scanning calorimetry. The specific heat (three replicates per sample) was determined for the temperature range of 23 to 80°C. Mean specific heat capacities at 23°C (Table 4 ) and bulk densities were used to determine volumetric heat capacities and subsequently to calculate the volumetric water content with the DPHP method. Apart from specific heat values, soil properties were not analyzed for this study. The glass beads had a mean diameter of 0.5 mm (0.4-0.6 mm diameter range), as reported by the manufacturer. Samples of Tottori sand, Columbia sandy loam, and Yolo silt loam were collected from locations near those used in the studies of Toride et al. (2003) , Chen et al. (1999) , and Eching et al. (1994) , respectively. For reference, particle size data from those studies are provided in Table 4 .
Before the measurements in porous media, two types of probe spacing were determined: physical probe spacing, L PHY , and effective probe spacing, L EFF . Physical spacing was measured with a digital caliper (±0.01 mm). Measurements at the base, center, and tip of each probe were averaged to determine the L PHY for each of the 12 sensors. Effective probe spacing was determined by using a calibration procedure (Kluitenberg, 2002) that involved making measurements in water immobilized with 4 g L −1 agar. This procedure resulted in two unique L EFF values for each sensor, one obtained using the ILS model and one obtained using the ICPC model. Two experiments were conducted to evaluate the sensor performance in porous media. In Exp. I, all four sensor types (Table 2) were used to measure the volumetric water content of air-dry and saturated glass beads and Tottori sand. The results from this experiment were used to identify the R-DPHP sensor design with the optimal probe length. In Exp. II, measurements were conducted using only the R-DPDP sensor identified as having probes of optimal length. All four porous media were used in this experiment, and measurements were performed within four ranges of volumetric water content: 0 to 4 (air dry), 10 to 15, 20 to 25, and 36 to 43% (saturated). Within each of these ranges, the water content varied among the porous media because of differences in bulk density and texture.
In both experiments, the porous media were packed into brass cylinders (8-cm diameter, 6-cm height). Using one sensor per cylinder, inserted through a slot in the cylinder wall, the probes were placed horizontally midway along the height of each core (Fig. 1) . A dry-packing procedure was used to prepare the samples of glass beads and Tottori sand that were used for the air-dry and saturated measurements. After installing the sensor and filling the entire cylinder with air-dry material, the top rim of the cylinder was tapped repeatedly until the desired bulk density was achieved. Following completion of the air-dry measurements, the samples were saturated by adding de-aired water from the bottom through filter paper that had been fixed to the bottom of the cylinders. The samples were covered to minimize evaporation before and during heatpulse measurements.
Intermediate water contents for the glass beads and Tottori sand and water content from dry to saturation for the Columbia and Yolo soils were obtained by mixing predetermined amounts of dry material with water. Moist soil was added to the brass cylinders in layers that were approximately 1 cm in height. After packing each layer with a plunger, the soil surface was roughened to minimize layering effects. These soil cores were closed with airtight plastic covers to minimize water content changes by either drainage or evaporation before and during the measurements.
The experiments were conducted in a controlled-temperature room at 20 ± 1°C. Heat-pulse measurements were initiated at least 12 h after completion of the soil packing to allow for both hydraulic and thermal equilibrium. The intermediate water contents of all media were small enough that water redistribution due to gravity was minimal. The actual water content and bulk density of all samples were gravimetrically determined by weighing them before the experiments and again after oven drying. Bulk density varied between 1350 and 1650 kg m −3 , depending on the degree of saturation and medium type. These bulk density values were used to determine the volumetric water content with the DPHP method. Table 4 . Properties of the porous media used in this study.
Material
Characteristics † Specific heat ‡
Glass beads 0.5-mm mean diameter (0.4-0.6-mm-diameter range) 738
Tottori sand 0.28-mm mean diameter (95% with 0.149-0.5-mm-diameter range) (Toride et al., 2003) 735
Columbia sandy loam 63.2% sand, 27.5% silt, 9.3% clay (Chen et al., 1999 ) 800
Yolo silt loam 23.0% sand, 55.5% silt, 22.5% clay (Eching et al., 1994) Because the ILS and ICPC models are both two dimensional, they assume that the probes are infinitely long. Thus, the probes must be long enough to satisfy that assumption. However, longer probes are more likely to deflect during sensor installation. Therefore, we analyzed probe deflection as a function of the diameter, wall thickness, and length of the stainless steel tubing. This was done by using solutions of the Euler-Bernoulli equation for cantilever beam deflection (Beer et al., 2006) . Specifically, we used two solutions that correspond to two different distributions of force along the beam. For the first case (Fig. 2a) , we assumed that a force F is applied at the tip of the probe, mimicking the situation where a local obstacle is encountered during insertion of the probes into the soil. The second case (Fig. 2b ) considered a homogeneous load P (force per unit length) applied along the entire length of the probe length, mimicking the situation where the entire probe is under stress. The solutions of the EulerBernoulli equation for these two cases are (Beer et al., 2006) 
where l is beam length and d is beam deflection. The material properties that characterize the mechanical behavior of the beam are Young's modulus of elasticity, E, and the second moment of area, I. The second moment of area for tubing can be calculated by (Beer et al., 2006) ( )
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We used Eq. [1] to determine the relative differences in deflection among the probes. This makes it unnecessary to specify values for the constants F, P, and E. To make relative comparisons, it is necessary only to assume that the probes being compared are subject to the same load and are made from the same material. Using d R for the deflection of a reference probe and d for the deflection of any other probe of interest, we introduce a relative resistance-to-deflection parameter s (dimensionless), defined as 
where od is the outer dimension of the probe, id is the inner dimension of the probe, and the subscript R denotes the dimensions of the reference probe. Values for s 1 and s 2 were obtained by using the probes of the C-DPHP sensor as the reference (Table 2, i.e., id R = 0.838 mm, od R = 1.27 mm, and l R = 28 mm). We note that the contribution of the epoxy filling to deflection was neglected in this analysis.
Heat Conduction Models
Consider a DPHP sensor with infinitely long probes that have a radius a 0 and volumetric heat capacity C 0 . The probes, with centerlines a distance L apart, are surrounded by soil with a bulk volumetric heat capacity C, bulk thermal conductivity l, and bulk thermal diffusivity k, where k = l/C. It is assumed that the soil is homogeneous and isotropic, that its thermal properties are temperature independent, and that it is in perfect thermal contact with the probes. We use T(t) for the temperature of the temperature probe, where t is time. Heat is released at rate per unit length q¢ during the finite time interval 0 < t £ t 0 , where t 0 is the heating duration.
For the limiting case where the radius of the probes is infinitely small (i.e., a 0 ® 0), T(t) becomes equivalent to the temperature of the soil at distance L from a line heat source. The solution of the heat conduction equation for this limiting case is the ILS solution (Bristow et al., 1994a; de Vries and Peck, 1958) :
where −Ei(−x) is the exponential integral of argument x. This solution is appropriate for use if the ratio a 0 /L is sufficiently small or if the thermal properties of the probes do not differ substantially from those of the soil. Although an analytical solution is not available for the case where the probes have finite radius and finite thermal properties, Knight et al. (2012) presented an approximate solution that accounts for the finite radius and finite heat capacity of the probes. They derived their solution by considering the probes to be infinitely long cylindrical perfect conductors, making the simplifying assumption that the probes have infinite thermal conductivity. The ICPC solution, which is a special case of their general solution, considers that the heater and temperature probes both have the same radius and the same volumetric heat capacity.
The ICPC model begins with the Laplace-domain solution, which represents the case where heat is released continuously at rate q¢, given as (Knight et al., 2012) ( )
in which p is the Laplace transform parameter and Ĉ ( ) T p represents the Laplace transform of T C (t), which is the temperature of the temperature probe for the case of continuous heating. In this expression, m = Ö(p/k), b 0 = C 0 /C, and K n (z) denotes the modified Bessel function of the second kind of order n and argument z. The Laplace domain solution, Eq. [6], is numerically inverted for two cases: T C (t) and T C (t − t 0 ) (Knight et al., 2012; Stehfest, 1970a Stehfest, , 1970b . To obtain T(t), the temperature of the temperature probe for the case where the duration of heating is finite, the principle of superposition in time is applied. This is implemented by substituting T C (t) and T C (t − t 0 ) into
T t t t T t T t T t t t t
Equations [6] and [7] , which together represent the ICPC solution, are identical to Eq. [40a] and [40b], respectively, of Knight et al. (2012) .
To implement the ICPC solution, the radius and volumetric heat capacity of the probes must be known. The outer radius of the probes, a 0 , is either known from the manufacturer (as in our case, the outer diameter of the stainless steel tubing, Table 2 ) or can be easily measured. However, the determination of C 0 must take into account the fact that the probes are composite solids. In this study, the probes were made from stainless steel tubing and thermally conductive epoxy having volumetric heat capacities of C SS = 4.00 MJ m −3 K −1 and C E = 2.03 MJ m −3 K −1 , respectively. The value used for C SS is from data of the European Stainless Steel Development Association for Type 316 stainless steel at 20°C, whereas the value of C E is the mean of three replicate samples, determined at 23°C by the Thermophysical Properties Research Laboratory. The value of C 0 is the volume average of the heat capacities of these two materials, calculated as
where a E is the radius of the epoxy-filled region, equal here to the inner radius of the stainless steel tubing (taken from inner diameter values in Table 1 , as given by the manufacturer). Using Eq.
[8] with the heat capacity values above and the dimensions from Table 1 , the resulting C 0 values are 3.14 and 3.68 MJ m −3 K −1 for the C-DPHP and the R-DPHP sensors, respectively. The probe heat capacity is greater for the R-DPHP sensor because its probes contain a greater proportion of stainless steel. For the case of measurements in water (C = 4.18 MJ m −3 K −1 ), the b 0 values are 0.75 and 0.88 for the C-DPHP and R-DPHP sensors, respectively, indicating that C 0 for the R-DPHP sensor is much closer to the volumetric heat capacity of water. This is important when calibrating L EFF from measurements in immobilized water.
Parameter estimation and Data Analysis Procedures
Thermal properties were estimated from DPHP temperature measurements by minimizing the objective function (OF):
where T S (t i ) is the temperature of the DPHP sensor at time t i , T M (t i ,p) is the temperature from either the ILS or the ICPC model, and p is a vector of optimized parameters. The sensor temperature data used to minimize the objective function were taken from a 5-s time interval centered on the time at which the maximum temperature rise occurred. Because sensor data were collected with a measurement frequency of 120 Hz, the optimization was conducted using n = 11. This approach is a hybrid of the single-point method (e.g., Ren et al., 1999) and the method that involves fitting of the entire temperature response curve via optimization (e.g., Hopmans et al., 2002) . Whereas the single-point method is sensitive to measurement errors of a single data point, fitting of the entire curve minimizes the impact of measurement errors . Compared with data from early times, data from later times are more sensitive to spatial regions farther away from the probes (Kluitenberg et al., 1993) . This means that data from later times are influenced to a greater extent by the finite length of the probes and the body of the sensor, which are not taken into account in the models. Additionally, data from times near the temperature maximum have the greatest measurement/noise ratio. For these reasons, we believe that the hybrid approach minimizes bias in the estimated thermal properties that can be introduced when using either a single point or the entire temperature response curve. We revisit this issue below in our discussion of the experimental results. When optimizing for the effective probe spacing, L EFF , in the calibration process, we used the parameter vector p = (L EFF ,l), and the volumetric heat capacity was fixed to that of water (C W = 4.18 ´ 10 6 J m −3 K −1 ). Optimization for soil thermal properties was conducted by using p = (C,l) and a fixed (Campbell et al., 1991) .
reSuLTS AnD DISCuSSIOn
Probe Deflection Analysis
The expressions for s 1 and s 2 in Eq. [4] were used to examine how probe rigidity is influenced by the dimensions of the stainless steel tubing, namely the inner diameter, outer diameter, and length. In Fig. 3 , values of s 1 and s 2 are presented as functions of the probe length for both the C-DPHP and R-DPHP sensors. The symbols on the curves correspond to the four sensors in Table 2 . Recall that the parameters s 1 and s 2 quantify deflection resistance relative to the deflection resistance of the probes of the C-DPHP sensor. Thus, resistance to deflection is equivalent to that for the conventional sensor when s 1 = 1 or s 2 = 1.
As expected, for all probes, the resistance to deflection decreased as the probe length increased (Fig. 3) . However, the deflection potential was much less for the larger diameter probes because of increased wall thickness. Consequently, although resistance to deflection decreased with probe length, its value for the longest of the large-diameter probes was still greater than that for the conventional probe. Assuming that the two force distributions in Fig. 2 represent limiting cases of various force distribution possibilities, it follows that, in reality, the probes are exposed to a force distribution lying somewhere between these two limiting cases. Consequently, the actual resistance to deflection lies somewhere between s 1 and s 2 . The results show that, relative to the C-DPHP sensor, the gain in resistance to deflection is between 6.1 and 7.6 for the R-DPHP-35 sensor, between 3.6 and 5.1 for the R-DPHP-40 sensor, and between 2.2 and 3.6 for the R-DPHP-45 sensor. We refer to these results below when we discuss the need to compromise between the enhanced rigidity achieved with shorter probes and the gain in accuracy achieved when soil properties are determined with longer probes.
Sensor Calibration
Calibration results for all 12 sensors (three replicates of each of the four sensor types) are presented in Table 5 for both the ILS and ICPC models. These results include optimized values of the effective probe spacing (L EFF ) and thermal conductivity. For comparison, values of the physical probe spacing (L PHY ) are also included in Table 5 . Optimized values of conductivity were compared with the conductivity of water at 20°C, which is 0.595 W m −1 K −1 . Although the L EFF values determined with both models were in good agreement with the physical spacing, with differences not larger than about 2%, estimates of thermal conductivity obtained with the ILS model deviated significantly from the expected value of 0.595 W m −1 K −1 , with errors as large as 9%, suggesting significant bias in the ILS model.
The bias in l estimates obtained with the ILS model (Table  5) is due in part to the fact that the heat capacity of the probes differs from that of water, but this has only minimal effect because the difference in heat capacity is relatively small, especially for the R-DPHP sensors. The primary reason for bias in these l estimates is related to the fact that the thermal conductivity of the probes is much greater than that of water. Because the ILS model does not account for this, it yields conductivity estimates that are not representative of the immobilized water alone. Instead, it yields conductivity estimates representative of the composite media-probe system, which results in overestimation of the water's thermal conductivity. In contrast to the results obtained with the ILS model, conductivity estimates obtained with the ICPC model revealed only minimal error and no consistent bias (Table  5) . To some extent, this is due to the fact that the ICPC model accounts for the finite heat capacity of the probes; however, for the case considered here (i.e., measurements in water), the ICPC model yielded better l estimates primarily because it accounted for the fact that the probes and water have different conductivities. Indeed, the ICPC model assumes that the probes are perfect conductors, but this assumption turns out to be quite reasonable because the thermal conductivity of the probes is substantially greater than that of water. As part of this study, we explored the possibility of omitting the calibration procedure by using the physical probe spacing, L PHY , instead of L EFF . Although L represents the distance between the heater and temperature probes in both the ILS model (Eq. [5]) and ICPC model (Eq. [6] and [7] ), its physical meaning in these models is slightly different. Whereas the ILS solution neglects the properties of both probes, the ICPC solution accounts for their finite radius and heat capacity. Therefore, when the two models are fitted to temperature data from the same sensor, the fitted L values (denoted by the effective probe spacing, L EFF ) will probably be different. Although L EFF will differ from the true physical probe spacing (L PHY ) in both models, their values must be close if either model provides a good approximation to heat transport of the sensor-medium system. It is interesting, however, that a clear model effect is not evident in the error of the L EFF estimates (Table 5 ). The ICPC model produced smaller errors in L EFF estimates for the R-DPHP sensors, whereas the ILS model produced smaller errors in L EFF estimates for the C-DPHP sensors. This is of interest because one would naturally expect the more physically correct ICPC model to consistently yield L EFF values closer to the physical probe spacing. This inconsistency probably has to do with the fact that both models contain factors of L/Ö(k). Thus, to some extent, neither model allows entirely unique estimates of probe spacing and conductivity, and it appears that agreement between L EFF and L PHY is, by itself, an insufficient indicator of model performance. However, when considered together with the results for thermal conductivity determination, it certainly appears that the ICPC model provides considerable improvement over the ILS model, at least for the sensor types considered here.
experiment I
In this experiment, all 12 sensors (three replicates of each of the four sensor types) were used to measure the volumetric water content of glass beads and Tottori sand for both air-dry and saturated conditions. Water content was determined using both the ILS and ICPC models, but with effective probe spacing only. The results (Fig. 4) are expressed as the deviation in volumetric water content (∆q) between DPHP-measured water contents and those determined gravimetrically by oven drying and mass balance, with the latter assumed to be the known or actual water contents. The results for air-dry conditions ( Fig.  4a and 4b) show a similar deviation in water content for both glass beads and Tottori sand. We note that the error for results obtained with the C-DPHP sensor in dry media is smaller than that of the R-DPHP sensor, especially with the ILS model. The overestimation of water content with the C-DPHP sensor and the ILS model is consistent with findings in previous studies Bristow et al., 2001; Heitman et al., 2003; Ren et al., 2003) . With the exception of one measurement, for all of the R-DPHP sensors, both heat conduction models resulted in overestimation of the water content (∆q > 0), with deviations decreasing as the probe length increased. However, water content overestimation was much greater for the ILS model (Fig.  4a) , with a maximum error of about 0.09 m 3 m −3 for the shortest probe (R-DPHP-35). Owing to their larger diameter and relatively large heat capacity, the probes of the R-DPHP sensors caused a reduction in the maximum temperature rise, which caused the ILS model to overestimate the heat capacity, thereby resulting in overestimation of the water content. We therefore conclude that, in air-dry media, water content results for the R-DPHP sensors are unacceptable with the ILS model.
In contrast to the relatively poor performance of the ILS model, the ICPC model showed very good results under dry ) and thermal conductivity (l) of the conventional (C-DPHP) and rigid dual-probe heatsensors (r-DPHP) with 35-, 40-, and 45-mm-long probes determined conditions, with overestimation of the volumetric water content not exceeding 0.035 m 3 m −3 but mostly smaller and decreasing with increasing probe length. The finite length of the probes and the presence of the sensor body are possible reasons for these deviations from the ICPC model because the model assumes that the probes are infinite in length. In both the heater and temperature probes, energy is lost because of their finite length. In the heater probe, heat is lost to the surrounding porous medium and the sensor body in the axial direction; in the temperature probe, the energy beyond the tips of the probe in the axial direction is not entirely captured. These energy losses cause a lower temperature response at the temperature probe, thereby resulting in overestimation of the soil's heat capacity and its corresponding volumetric water content.
Results from the measurements in saturated media ( Fig. 4c  and 4d) show excellent performance by both the ILS and ICPC models, with deviations in volumetric water content not larger than about 0.01 m 3 m −3 in most cases and minimal influence of sensor type. In saturated media, the probes and the medium surrounding them have nearly the same volumetric heat capacity. Thus, the fact that the ICPC model accounts for the finite heat capacity of the probes does not improve on the accuracy in water content estimation achieved with the ILS model. Our results under saturated conditions also show that, for both models, accuracy is not affected by the finite length of the probes. This is explained by the high thermal conductivity of the saturated porous media, causing early arrival of the heat pulse maximum and thereby minimizing the thermal losses mentioned above.
experiment II
Based on results of the resistance-to-deflection analysis and Exp. I, further evaluation was conducted using only the R-DPHP-40 sensor in combination with the ICPC model. The probes of this sensor are about four to five times more rigid than those of the C-DPHP sensor (Fig. 3) , and its measurement performance is nearly equivalent to that of the R-DPHP-45, which produced the most accurate water content estimates (Fig. 4) . For further evaluation of the R-DPHP-40 sensor, the three replicate sensors of this type were tested in all four porous media within four ranges of water content. Water content estimates were obtained with the ICPC model by using the calibrated effective probe spacing (Fig. 5, left column) as well as the measured physical spacing (Fig. 5, right column) . The first important observation that can be determined from Fig. 5 is that there is generally no evidence of soil-specific effects on the soil water content measurements, including the variation among replicates. Second, we observe that use of the ICPC model with L PHY resulted in slightly larger variations among replicates than their equivalents using L EFF , especially at or near saturation. Because the thermal conductivity of saturated media is relatively high, errors in measurement of the physical probe spacing could be the source of these variations.
To quantify the performance of the R-DPHP-40 sensor, we grouped the results for all four media together (Fig. 6 ) for linear regression analysis and determination of the root mean square error (RMSE). The slope and intercept of a linear regression model provide quantification of systematic bias from the 1:1 line, whereas RMSE quantifies deviation from the 1:1 line and provides a measure of sensor precision. The results (Fig. 6) indicate that the precision of the R-DPHP-40 sensor is excellent, with RMSE volumetric water content values of 0.014 and 0.021 m 3 m −3 using effective and physical probe spacing, respectively. Inferences regarding the slopes and intercepts of the two regression models (Fig. 6) were made by calculating the 95% confidence intervals for those regression parameters. For both models, we concluded that the slope and intercept were not significantly different from unity and zero, respectively. Thus, for both of the approaches used to quantify probe spacing Although excellent results were obtained by using the ICPC solution together with large-diameter probes, we note that measurement errors in volumetric water content using gravimetric methods are typically on the order of 1% (v/v) or larger. Additional uncertainty arises from the fact that the sampling volume of a DPHP sensor is small relative to the volume of the sample used to independently determine water content via oven drying. Hence, for any comparison with gravimetric water content data, we must accept deviations between 1 and 2% (v/v) at a minimum. Considering this magnitude of error, we should not expect the results of sensor measurements better than our comparison in Fig. 6 , which resulted in RMSE values between 0.014 and 0.021 m 3 m −3 .
The specific heat of the solid phase, c s , was independently measured via differential scanning calorimetry, and those values were used for determining q with Eq. [10]. However, as Campbell et al. (1991) originally suggested, values of c s can be obtained directly from DPHP measurements by using Eq.
[11] with DPHPestimated C values and gravimetrically evaluated q and r b values. Table 6 summarizes the results of c s values obtained in this way with the R-DPHP-40 sensor and the ICPC model, determined under air-dry conditions for the four porous media. Apart from the results for Yolo silt loam, errors in c s estimates are within 5% (Table 6 ). Most previous studies do not have independent c s measurements to compare with DPHP-estimated c s values (e.g., Tarara and Ham, 1997; Ren et al., 2003) but rather rely on either c s calculations using the mixing model of mineral and organic matter (Kluitenberg, 2002) or previously published values. Most of these studies recognized significant overestimation of c s with the DPHP method using the C-DPHP sensor and the ILS model. Furthermore, Ren et al. (2003) used their DPHP-estimated c s values to correct for bias in DPHP-estimated q, although these c s values were much higher (>10%) than literature values. In this study, however, we postulated that the R-DPHP-40 sensor and the ICPC model do not yield systematic errors in c s values, as already seen for q estimation. Thus, we recommend the proposed method for measuring specific heat.
Additional Insights
The ICPC model, combined with the large-diameter and longer probes, presents a major advantage over the combination of ILS theory and conventional DPHP probes. Not only does the ICPC model account for the disparities observed using the ILS model, it captures the major heat transfer processes. This is so, despite the fact that it (i) only partially accounts for the finite conductivity of the probes; (ii) averages the heat capacity of the probe materials (thermally conductive epoxy and stainless steel) and ignores the heater wire and thermistor; (iii) neglects the finite length of the probes; (iv) does not incorporate the properties of the sensor body; and (v) assumes perfect thermal contact between the probes and the surrounding porous media. Yet, with all these simplifications, the results of our regression analysis suggest that the estimation of q is very accurate across a wide range of water contents and is independent of soil type.
It is no coincidence that the ICPC model performed well with the presented DPHP sensors because these were constructed to satisfy the assumptions inherent in the ICPC model. Specifically, the thick-walled stainless steel probes filled with silver thermally conductive epoxy were chosen to satisfy the assumption that the probes have infinite thermal conductivity. Moreover, to satisfy the assumption of infinite probe length, despite being larger in diameter, we designed and tested longer probes. Thus, although there remains room for improvement in sensor design and construction, the simplicity of the analytical ICPC model is very attractive for practical soil water content measurement applications. In addition, the thicker probes minimize probe deflection, thereby easing concerns during sensor deployment. We note that in applications where deflection is not an issue, the ICPC solution is perfectly suitable when using the conventional DPHP sensor because its use eliminates the typical water content overestimations for dry soil conditions, as predicted by Knight et al. (2012) . The main advantage of using large-diameter probes is the gain in resistance to deflection, but they also offer the advantage of reducing the temperature rise at the interface between the soil and the heater probe. Large-diameter probes have greater surface area, which allows heat energy to be distributed across a larger surface. Consequently, for the same heating rate, the temperature at the probe-soil interface decreases as the diameter of the heater probe increases (Kamai et al., 2008 . Although not analyzed in this study, there are several benefits that may be gained from this lower temperature. A smaller temperature rise at the probe-soil interface may help to avoid processes such as soil water vaporization on soil heating, free water convection due to temperature gradients, and variability in soil thermal properties due to their temperature dependency. It is important that these processes remain insignificant because they are ignored in the ICPC heat conduction model.
Although our study showed significant improvements over existing sensors, we must emphasize that our experiments were done in a laboratory environment, packing soils around the probes, rather than in situ field testing. For field installation of the DPHP sensor, it is likely that the larger diameter probes would require a larger force of insertion, thereby increasing the probability of probe deflection. Moreover, as probe size increases, soil compaction around the probes is likely to be more significant, thereby affecting measurement accuracy. It is for these reasons that we limited the probe diameter to 2.38 mm. However, we note that any sensor insertion into a soil may affect soil density unless insertion holes are drilled before sensor installation, as is commonly done if soil compaction is an issue.
Finally, we examined fits of the ILS and ICPC models to the measured temperature data to discuss fit performance vs. the accuracy of the estimated properties of the heat conduction models. For that purpose, we used typical model-data fit results for immobilized water and for Tottori sand at three different water contents (Fig. 7) . First, we note that at relatively late times neither of the two models provided a good fit to the data. This is precisely why we excluded most of the data after the maximum temperature rise in our approach for estimating thermal properties. At relatively late times, the temperature response is influenced by factors not taken into account by the ILS and ICPC models, such as finite probe length, influence of the sensor body, finite sample size, and sample heterogeneity. Second, we draw attention to the fact that, apart from the lack of fit at relatively late times, the degree of fit achieved with the ILS model is as good as that achieved with the ICPC model. This was substantiated by comparing RMSE values that were calculated using measured and modeled temperature data from the first 100 s of each curve in Fig. 7 . From this it is evident that the ILS model fit the temperature data well, even though the ILS model yielded biased estimates of water content. Clearly, agreement between the model and the data is, by itself, an insufficient indicator of model performance. Assessment of model performance must also include checks, such as those performed in this investigation, to determine if the DPHP method yields accurate estimates of thermal properties. Additional work is needed to evaluate the accuracy of soil thermal conductivity estimates obtained with the ICPC model and R-DPHP sensor.
COnCLuSIOnS
A DPHP sensor with 2.38-mm-diameter probes was evaluated for measuring soil water content. In conjunction with the ICPC solution of Knight et al. (2012) , the new sensor was tested under laboratory conditions for a range of soil textures and saturation levels from air dry to fully saturated. The main conclusions of this study include the following: Specific heat (c s ) of the porous media as determined by differential scanning calorimetry (DSC) and by evaluating eq. [11] with results from exp. II, using the rigid dualprobe heat-pulse method with 40-mm probe length (r-DPHP-40) . Measurements with the r-DPHP-40 in air-dry media were used to calculate c s using both effective probe spacing (L eFF ) and physical probe spacing (L PHY ). errors are relative to the DSC-derived c s results. 2. The method is soil independent, provided that the bulk density and specific heat of the solid phase are known. The analysis of pooled data for all porous media showed that soil-specific calibration is unnecessary.
3. Measurement precision is excellent (RMSE = 0.014 m 3 m −3 ) when probe spacing is treated as an effective parameter (i.e., determined via measurement in immobilized water), but the results obtained using the physical probe spacing (RMSE = 0.021 m 3 m −3 ) showed minimal loss of precision. Thus, with this sensor and model, it appears that determination of the effective probe spacing is not necessarily required. This, of course, represents a major simplification in the implementation of the DPHP method.
4. Results from a beam-deflection sensitivity analysis showed that, when subject to the same deflection force, the probes of the proposed DPHP sensor are about five times more resistant to deflection than those of conventional DPHP sensors, easing concerns about measurement errors that may stem from probe flexing during installation.
5. The ICPC model improved heat capacity and water content estimation compared with the typically used ILS model, as prior reported overestimation in the dry end was eliminated.
6. The method is accurate for measuring c s , the specific heat of the solid phase.
In summary, we suggest that the presented DPHP sensor, when used in combination with the ICPC heat transport model, provides an excellent alternative to other available water content methods. It is simply based on heat conduction in soils, thereby making the method soil independent. However, a need for further testing and deployment under a wide range of field settings remains. We encourage you to contact us and use this sensor for field deployment and testing. 
